1. Introduction {#sec1}
===============

Tissue engineering applies the principles of biology and engineering to the development of biological scaffolds for repairing damaged tissue and organs. The protein-based scaffolds hold promise in tissue engineering because natural extracelluar matrix are made of proteins.^[@ref1],[@ref2]^ Many proteins have been used to fabricate such scaffolds, such as collagen and silk-derived fibroin.^[@ref3]−[@ref8]^*B. mori* sericin, which is a global protein synthesized in the middle silk gland of *B. mori* silkworm, starts to receive attention as a potential scaffold in the field of tissue engineering due to its unique properties desired in biomedical applications. It has useful features such as resistance to oxidation, bacteria, and ultraviolet light and improved hydrophilicity and biodegradation.^[@ref9]−[@ref11]^ It exhibits biological activities such as tyrosinase activity inhibition and pharmacological functions such as anticoagulation and anticancer.^[@ref12]−[@ref15]^ Sericin contains a higher content of hydrophilic amino acids than fibroin, another silk-derived but well-studied protein. Thus, it has improved hydrophilicity and is easier to be chemically modified in comparison with the fibrion. However, unlike the already well-studied silk fibroin,^[@ref16]−[@ref18]^ the actual biomedical application of sericin has not been fully explored due to the difficulty in processing it into useful materials.

Sericin is coated on the fibroin fiber when *B. mori* silkworm spins cocoon. It can be extracted by boiling cocoon in the elevated alkali and enzymatic solution or at conditions of high pressure and high temperature in water. In the processing of extraction, sericin is prone to degradation, which consequently results in significant decrease in the molecular weight down to below 20 kDa.^[@ref10]^ Its low molecular weight is the bottleneck limiting its being processed into applicable forms. Although there have been reports on the formation of sericin nanofibers by directly dissolving sericin cocoon or powder in trifluoroacetic acid (TFA) as spinning dope for electrospinning,^[@ref19],[@ref20]^ the impact of molecular weight on the electrospinning ability of sericin is still unknown. In this work, we adopted a strategy of controlling protein-based materials formation through manipulating molecular weights of the precursor protein in electrospinning to fabricate the sericin protein into a material of well-defined morphologies.

Our previous research on electrospinning of recombinant silk proteins^[@ref21],[@ref22]^ shows that hexafluoroacetone (HFA) is an optimal solvent for the preparation of spinning dope. Thus, we anticipated that electrospinning of sericin might be successful by using HFA as a solvent. In addition, we assumed that molecular weight might play a role in the secondary structure and topography of sericin when dissolved in HFA solvent, which will in turn determine the morphologies of final materials through electrospinning.

Hence, this study attempted to fabricate microparticles and nanofibers to control the spun mat morphology by controlling the molecule weight of sericin followed by protein preassembly and electrospinning (Figure [1](#fig1){ref-type="fig"}). Specifically, sericin with high (HS) and low (LS) molecular weights was prepared according to two different extraction conditions as described in Figure [1](#fig1){ref-type="fig"}. After dissolved in HFA, HS and LS forms were expected to be assembled into different structures, which were electrospun into nanofibers and microparticles, respectively (Figure [1](#fig1){ref-type="fig"}). Here for the first time, electrospinning technology was used to fabricate nanofibers or microparticles from *B. mori* silk sericin by changing its molecular weight. Since nanofibers or microparticles can serve as building blocks for fabricating scaffolds used in tissue engineering,^[@ref23]−[@ref26]^ this work also investigates the biocompatibility by testing the cell viability on the matrix made from them.

![Proposed schematic for the fabrication of microparticles and nanofibers from sericin with different molecular weights by electrospinning. Cocoons were first cut into small pieces, which were placed into deionized water in a beaker. For the fabrication of microparticles, sericin powder with a low molecular weight (LS) was prepared (A1, A2), and LS solution for electrospinning was obtained by dissolving LS in HFA (A3). For the fabrication of nanofibers, sericin powder with high molecular weight (HS) was obtained (B1, B2) and then dissolved in HFA for nanofiber formation by electrospinning (B3). A1: cocoon pieces and deionized water were heated in an autoclave at 120 °C for 30 min to dissolve sericin from cocoon; A2: aqueous LS solution was extracted; A3: LS powder was dissolved in HFA at room temperature. B1: cocoon pieces were heated in deionized water at 100 °C for 10 min to obtain HS; B2: HS aqueous solution was extracted; B3: HS powder was dissolved in HFA at room temperature for electrospinning.](am-2014-03214g_0010){#fig1}

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

*B. mori* silkworm cocoons were purchased from the Shandong Academy of Sericulture, China. CaCl~2~, Na~2~HPO~4~, and other chemical regents used here were of analytical grade and purchased from Sinopharm Chemical Reagents Co. Ltd., China. Deionized water was used throughout the experiment.

2.2. Preparation of LS and HS Powders {#sec2.2}
-------------------------------------

The sericin was prepared according to the reported procedure.^[@ref27]^ The detailed processing on extraction of LS and HS was described in Figure [1](#fig1){ref-type="fig"}. *B. mori* silkworm cocoons were first cut into small pieces and placed into a beaker containing deionized water. For the preparation of LS, this beaker was heated in an autoclave with a temperature of 120 °C for 30 min to dissolve sericin. The aqueous sericin solution was collected. LS powder was obtained followed by lyophilization of aqueous sericin solution. In the case of HS, the beaker containing the cocoons in the deionized water was heated at 100 °C for 10 min, allowing sericin to be dissolved in the boiling deionized water. Then the aqueous sericin solution was gathered, followed by lyophilization of the solution to obtain HS powder.

2.3. Gel Permeation Chromatography (GPC) of LS and HS {#sec2.3}
-----------------------------------------------------

The molecular weight distribution of LS and HS was measured using a liquid chromatography system (Agilent 1100, Agilent Technologies Inc., USA), equipped with a 15 × 25 mm column (Tricorn, GE Healthcare, USA). The GPC elution buffer was a phosphate buffer with a flow rate of 0.75 mL/min. Prior to the measurement, the aqueous LS or HS solution from the aforementioned experiment was centrifuged for 10 min at 6000 rpm to remove impurities. 100 μL of the aqueous LS or HS solution was loaded into the system at ambient temperature, and effluent solution was continuously monitored by UV detection at the wavelength of 280 nm. The molecular weight values from a calibration curve were obtained using protein standards. The amino acid analysis of LS and HS was performed using Hitachi L8900 Amino Acid Analyzer ([Table S1](#notes-1){ref-type="notes"}).

2.4. Preparation of LS and HS Solution for Electrospinning {#sec2.4}
----------------------------------------------------------

LS and HS solution used for electrospinning were prepared by dissolving LS and HS powders in HFA for 24 h at room temperature, respectively. The concentration of LS and HS solution ranged from 5 wt % to 10 wt %.

### 2.4.1. Circular Dichroism (CD) Spectroscopy of LS and HS Solution {#sec2.4.1}

CD spectra of LS and HS solutions were collected using a MOS-450 Spectrometer (Biologic, France). They were measured from 190 to 250 nm by using a quartz cell with a path length of 1 mm at the rate of 0.5 nm/s at room temperature. The concentration of LS and HS solution used for the CD measurement was 0.1 mg/mL. Each spectrum was the average value of four measurements. The spectra were smoothed and plotted in terms of residual molar ellipticity: \[θ\]M × 10^--3^ (deg·cm^2^·dmol^--1^).^[@ref28]^ A multiple Gaussian curve-fitting process was performed to quantify the area of each component. The relative percentage of the secondary structural elements was obtained from the area under the Gaussian curve by Origin 8.0.

### 2.4.2. Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM) Observation, and Dynamic Light Scattering (DLS) Measurements {#sec2.4.2}

Three μL of LS or HS solution with a concentration of 0.01 mg/mL was deposited on the freshly exposed mica surface and air-dried at room temperature. The morphologies of LS and HS solution were imaged by AFM (MultiMode, VEECO, USA). The morphologies of air-dried LS and HS were observed with SEM (S3000N, Hitachi, Japan). For SEM, the samples were mounted on aluminum stubs using adhesive carbon pads, sputter-coated with gold, and then examined under vacuum. For AFM, observation was performed at room temperature, and the images were taken using NanoScope Image. In addition, DLS measurements were performed for investigating the size distribution of LS and HS solution in HFA by using Zetasizer (Nano-ZS90, Malvern instruments, UK). The average particle size was obtained by measuring each sample in triplicate.

2.5. Electrospinning of LS and HS Solution {#sec2.5}
------------------------------------------

The electrospinning apparatus was constructed by a high voltage power supply (Gamma High Voltage Research Inc., USA), a syringe pump (Harvard Apparatus, USA), a 2 mL syringe, a stainless-steel needle (0.45 mm inner diameter), and a collecting plate (aluminum foil). The concentration of LS or HS in HFA was varied from 5 wt % to 10 wt % for obtaining spinning dopes with different viscosities. In the electrospinning process, a high electric potential was applied to a droplet of silk solution at the tip of a plastic capillary tubes. A voltage of 15 kV was applied by the high voltage power supply to inject the sericin solution onto the aluminum sheet. The flow rate of the LS or HS solution was 1.2 mL/h and controlled by the pump. The electrospun particles or fibers were collected on the aluminum sheet, which was placed at a distance of 15 cm from the tip of the plastic capillary tubes. The electrospinning apparatus was enclosed in a fume hood for removing harmful gases and drying electrospinning samples. All the as-spun samples were immersed in 90% (v/v) methanol aqueous solution for 12 h and then dried at room temperature.

2.6. Field Emission Scanning Electron Microscopy (FESEM) Observation of Microparticles and Nanofibers {#sec2.6}
-----------------------------------------------------------------------------------------------------

The morphology of electrospun mats prepared from LS and HS, respectively, was observed using a FESEM (SIRON, FEI, Netherlands). Samples were dried and coated with gold before observing and imaging. In addition, the diameter distribution of nanofibers was calculated by using software Image-Pro Plus 6.0 coupled with Origin 8.

2.7. Fourier Transform Infrared Spectroscopy (FT-IR) and Thermal Gravimetric Analysis (TGA) of Microparticles and Nanofibers {#sec2.7}
----------------------------------------------------------------------------------------------------------------------------

The structure of microparticles and nanofibers before and after methanol treatment was measured with FT-IR. FT-IR spectra were recorded using a Fourier Transform Infrared Spectrometer (FTIR-8400S, Shimadzu, Japan). A total of 2 mg samples were mixed with 200 mg of KBr and then pressed into discs, respectively. The measurements were performed with the wavenumber ranging from 400 to 4000 cm^--1^. Thermal behavior of microparticles and nanofibers, before and after methanol post-treatment, was performed on simultaneous differential thermal and thermal gravimetric analyzer (DTA-TG, Shimadzu Corporation, Japan). All the samples were ground into powder and then loaded in an aluminum crucible under dry conditions. DTA-TG measurement was performed in a nitrogen atmosphere with temperature ranging from 50 to 400 °C at a heating rate of 10 °C/min.

2.8. Cell Morphology and Cell Viability Assay {#sec2.8}
---------------------------------------------

Cell culture was performed by using HEK-293 cells. Cells at the third or fourth passage were used in this study. The electrospun mats including microparticles and nanofibers were fixed on the wells of microplates. Each well was sterilized by 75% (V/V) ethanol and washed with physiological saline three times. Cells were cultured in DMEM with 10% FBS and 1% penicillin--streptomycin. Cells at a seeding density of 1.0 × 10^4^ cells/cm^2^ were immediately placed in an incubator at 37 °C, 5% CO~2~. The cells were counted using Scepter hand-held automated cell counter (Millipore, USA). Moreover, another cell, MG-63 cells, was also used as a testing cell to evaluate the cell viability of these two electrospun mats.

### 2.8.1. Cell Morphology {#sec2.8.1}

After the cells were cultured for 1 and 5 days, their morphology was observed according to the following steps: Cells were first fixed in 2.5% glutaraldehyde in a phosphate buffer saline (PBS, pH 7.0) for 4 h, then fixed with 1% OsO~4~ in PBS for 1 h, and washed 3 times by PBS. After that, the fixed specimens were dehydrated by increasing the concentration of ethanol from 30%, 50%, 70%, 80%, 90%, 95% to final 100%, and the time for each step was about 20 min. The dehydrated specimens were immersed in iso-amyl acetate for about 1 h and allowed to dry overnight in Hitachi Model HCP-2 critical point dryer with liquid CO~2~. After drying, the specimens were mounted on the aluminum stubs, sputter-coated with gold, and observed in a Philips Model TM-1000 SEM.

### 2.8.2. MTS Assay {#sec2.8.2}

The cell viability on electrospun mats was determined by using Cell Titer 96 Aqueous One Solution cell proliferation (MTS) assay according to the manufacturer's protocol (Promega). The HEK-293 cells were cultured on the electrospun mats for 1, 3, and 5 days. Subsequently, 20 μL of MTS compound solution was added to each specimen and incubated for 3 h in a 5% CO~2~ incubator at 37 °C. The optical density (OD) at the wavelength of 490 nm, reflecting the number of cells, was measured using a microplate reader (Bio-Rad 680).

3. Results and Discussion {#sec3}
=========================

3.1. Molecular Weight of LS and HS {#sec3.1}
----------------------------------

The GPC is a useful and powerful method to determine the apparent molecular weight of a protein.^[@ref29]^ Figure [2](#fig2){ref-type="fig"} showed the GPC traces of LS, HS, and three molecular weight markers (bovine serum albumin: 66.4 kDa, subunit of catalase: 60.0 kDa, and RNase A: 13.7 kDa). According to the molecular weight markers, the most frequent molecular weight distribution of LS was mainly centered at 12.0 kDa with a minor distribution at 66.0 kDa, while the molecular weight of HS was mainly distributed at 66.0 kDa. Although the molecular weight of HS was significantly higher than that of LS, the amino acid composition of LS and HS showed no significant difference ([Table S1](#notes-1){ref-type="notes"}). This indicates that preparation conditions including temperature, pressure, and heating duration can largely mediate the molecular weight of sericin when it is extracted from cocoons. Namely, the molecular weight of sericin can be controlled by controlling the extraction conditions.

![GPC profile of molecular weight distribution of sericin powders and three molecular weight markers. The samples of (a), (b), (c), (d), and (e) are LS powder, HS powder, RNase A, subunit of catalase, and bovine serum albumin, respectively.](am-2014-03214g_0011){#fig2}

3.2. Assembly Structure of LS and HS in Solvent HFA {#sec3.2}
---------------------------------------------------

To investigate the effect of molecular weight and solvent on the assembly structure of sericin, LS and HS dissolved in HFA were characterized at room temperature with CD measurement. HS and LS displayed distinct CD spectral patterns (Figure [3](#fig3){ref-type="fig"}). The curve fitting analysis of the CD profiles indicated that LS adopted a β-sheet conformation at a content of 58% with the rest secondary structure being random coil structures according to the appearance of two negative peaks at 200 and 216 nm (Figure [3](#fig3){ref-type="fig"}A).^[@ref30],[@ref31]^ However, HS mainly formed β-sheet structure, which was judged by a strong negative peak at 218 nm corresponding to β-sheet conformation (Figure [3](#fig3){ref-type="fig"}B).^[@ref32]^ Furthermore, both LS and HS dissolved in HFA formed structures different from those dissolved in water.^[@ref33]^

![CD spectra of sericin with different molecular weights in HFA solvent (0.1 mg/mL). (A) LS solution. Dotted lines are results of the curve fitting. (B) HS solution.](am-2014-03214g_0001){#fig3}

SEM observation showed that LS and HS dissolved in HFA were assembled into different morphologies (Figure [4](#fig4){ref-type="fig"}). LS formed cylinder-like particles with a size of 200--300 nm, which were independently scattered on the surface of mica (Figure [4](#fig4){ref-type="fig"}A). In contrast to LS, HS was aggregated into larger particles (about 1 μm) without a well-defined morphology (Figure [4](#fig4){ref-type="fig"}B). AFM images also showed that LS and HS formed particles with an average diameter of about 200 nm (Figure [4](#fig4){ref-type="fig"}C) and 800 nm (Figure [4](#fig4){ref-type="fig"}D), respectively. The images at the bottom of AFM images represented a section profile of LS and HS in the position indicated by red arrows and white lines, respectively. The section profile demonstrated that the height of LS particles was 40--55 nm, and that of HS was 90--110 nm. The size of the particles assembled from the same protein revealed by SEM and AFM is slightly different probably because the samples imaged by AFM and SEM were wet and dry, respectively. Moreover, DLS was used to observe LS and HS dissolved in HFA directly ([Figure S1](#notes-1){ref-type="notes"}). Although DLS data showed that the hydrodynamic sizes of LS and HS particles in HFA solution were different from those determined by AFM or SEM imaging, it indicated that the particle size of LS was smaller than that of HS when both of them were dissolved in HFA ([Figure S1](#notes-1){ref-type="notes"}). Collectively, SEM and AFM as well as DLS all proved that a higher molecular weight resulted in larger sericin particles.

![Nanostructures assembled from sericin with different molecular weights in HFA solutions. A and C are LS solution, and B and D are HS solution. A and B are SEM images. C and D are AFM images. The AFM section profile measurements of HS and LS are shown at the bottom of AFM image (black areas). The corresponding position of the black area is shown with red arrows and a white line in the original AFM images (C and D).](am-2014-03214g_0002){#fig4}

Therefore, CD spectra as well as SEM and AFM images proved that molecular weight can determine the assembly structure of sericin dissolved in HFA. The low molecular weight favors the formation of the β-sheet and random coil conformation of LS, which leads to the weak molecular interaction between LS and the consequent assembly into cylinder-like particles due to its short molecular chain. In contrast, high molecular weight favors the formation of β-sheet structure of HS in HFA, which probably promotes the aggregation of HS into larger particles due to its heavy cross-linking nature. Therefore, this result implies that molecular weight might impact electrospinning ability of sericin and the morphology of electrospun mats.

3.3. Fabrication of Microparticles {#sec3.3}
----------------------------------

Figure [5](#fig5){ref-type="fig"} showed the FESEM morphology of microparticles spun from the HFA solutions of LS with the concentrations of 5, 7.5, and 10 wt %, reflecting the different viscosity. No obvious microparticles were observed in the concentration of 5 and 7.5 wt % (Figure [5](#fig5){ref-type="fig"}A, B). When the concentration was increased to 10 wt %, spherical microparticles were observed and aggregated into clusters (Figure [5](#fig5){ref-type="fig"}C). After methanol treatment, spherical microparticles were found on all three concentrations of LS, and microparticle arrangement of those electrospun mats was different at different concentrations of LS (Figure [5](#fig5){ref-type="fig"}D−F). From Figure [5](#fig5){ref-type="fig"}G--I (enlarged Figure [5](#fig5){ref-type="fig"}D--F), it was clearly seen that aggregation of particles was increased with increase in the concentration; however, the size of particles remained to be about 1.5 ± 0.3 μm. This indicated that micropartcles can be obtained using electrospinning of sericin with low molecular weight, and the topography of the microparticle mats was also mediated through arrangement of microparticles by controlling the concentration of sericin and post-treatment.

![FESEM images of microparticles prepared from LS with the concentration of (A) 5 wt %, (B) 7.5 wt %, and (C) 10 wt %. (D), (E), and (F) are samples corresponding to (A), (B), and (C) after treatment with methanol, respectively. (G), (H), and (I) are high magnification images corresponding to (D), (E), and (F), respectively.](am-2014-03214g_0003){#fig5}

3.4. Fabrication of Nanofibers {#sec3.4}
------------------------------

Nanofiber formation of HS was attempted with various viscosity by changing the concentration from 5 wt %, through 7.5 wt %, to 10 wt %. The FESEM image (Figure [6](#fig6){ref-type="fig"}A) indicated that nanofibers could not be formed from HFA solution with a concentration of 5 wt %. When the concentration was increased to 7.5 and 10 wt %, nanofibers were obtained (Figure [6](#fig6){ref-type="fig"}B, C). The diameter of the nanofibers was increased with the increase in the concentration. After methanol treatment, still no nanofibers were observed in the case of concentration with 5 wt %, and the fine fibers in Figure [6](#fig6){ref-type="fig"}E, F aggregated to form thick fibers by network formation, contrary to previous report on nanofibers prepared from fibroin.^[@ref22]^ The diameter distribution of fibers is shown in Figure [7](#fig7){ref-type="fig"}. The diameter of nanofibers prepared from 7.5 wt % ranged from 50 to 600 nm, and the mean diameter was 244 nm (Figure [7](#fig7){ref-type="fig"}A). In the case of 10 wt %, the diameter varied from 100 to 650 nm, and the mean diameter of nanofibers was about 339 nm (Figure [7](#fig7){ref-type="fig"}B). After methanol treatment, the average diameter of both nanofibers was decreased to 179 and 312 nm, respectively (Figure [7](#fig7){ref-type="fig"}C, D). It can be seen that the diameter of nanofibers can be controlled by the HS concentration and post-treatment.

![FESEM images of nanofibers prepared from HS with the concentration of (A) 5 wt %, (B) 7.5 wt %, and (C) 10 wt %. (D), (E), and (F) are samples corresponding to (A), (B), and (C) after treatment with methanol, respectively.](am-2014-03214g_0004){#fig6}

![Histograms of nanofiber diameter distribution. (A) 7.5 wt %, (B) 10 wt %, (C), and (D) are samples corresponding to (A) and (B) after treatment with methanol, respectively.](am-2014-03214g_0005){#fig7}

3.5. The Structural Characteristic and Thermal Behavior of Microparticles and Nanofibers {#sec3.5}
----------------------------------------------------------------------------------------

In order to investigate the impact of molecular weight and post-treatment on the secondary structures of microparticles and nanofibers prepared from LS and HS solutions, FT-IR analysis was carried out (Figure [8](#fig8){ref-type="fig"}A). The amide I vibration arises mainly from the C=O stretching vibration. It depends on the secondary structure of the backbone. However, the amide II is the out-of-phase combination of the NH in-plane bending. Hence, the amide II was used as an evidence to detect the structural characterization of microparticles and nanofibers. After methanol treatment, the central peak of amide II of microparticles and nanofibers was transited from 1540 to 1525 cm^--1^, indicating that methanol treatment favored the β-sheet conformation of sericin. Although CD spectra indicated the difference between LS and HS in HFA solution, FT-IR spectra did not detect significant difference in the secondary structures between microparticles and nanofibers due to the disappearance of the interaction with HFA. However, DTA curves showed that before methanol treatment, microparticles and nanofibers had different behaviors of thermal decomposition and phase changes (Figure [8](#fig8){ref-type="fig"}B) with microparticles having one endothermic peak at 175.8 °C whereas nanofibers having two endothermic peaks at 175.8 and 197.1 °C. After methanol treatment, one endothermic peak at 197.1 °C was observed on microparticles and nanofibers. These results suggested that microparticles and nanofibers showed similar secondary structure and thermal behaviors after methanol treatment.

![FTIR spectra (A) and TGA curves (B) of microparticles and nanofibers. (a) microparticles prepared from LS with a concentration of 10 wt %; (b) nanofibers prepared from HS with a concentration of 10 wt % . (c) and (d) are samples corresponding to (a) and (b) after treatment with methanol, respectively.](am-2014-03214g_0006){#fig8}

3.6. Cell Viability on Microparticles and Nanofibers {#sec3.6}
----------------------------------------------------

Figures [9](#fig9){ref-type="fig"}A--D showed the SEM micrographs of HEK 293 cells attached and grown on the electrospun mats. After cultured for 1 day, HEK 293 cells on the microparticle mats were globular and aggregated (Figure [9](#fig9){ref-type="fig"}A), whereas those cultured on the nanofiber mats spread with an elliptical morphology (Figure [9](#fig9){ref-type="fig"}B). After cultured for 5 days, multilayers of HEK 293 cells covered both microparticle and nanofiber mats (Figure [9](#fig9){ref-type="fig"}C, D). A similar tendency was observed on the MG-63 cells attached and grown on the electrospun mats ([Figure S2](#notes-1){ref-type="notes"}). Especially, the bridges and short pseudopods of cells were observed among the elongated cells on nanofiber mats. SEM observation indicated that cells could be attached onto the microparticle and nanofiber mats, and the cell attachment was more favored on the nanofibers in the early period of culture.

![Morphology and proliferation of HEK 293 cells on electrospun mats. Morphology of HEK 293 cells on (A, C) microparticle mats and (B, D) nanofiber mats after cultured for (A, B) 1 day and (C, D) 5 days. Proliferation of (E) HEK 293 cells on the electrospun mats determined using MTS assay. \*\*, *p* \< 0.01.](am-2014-03214g_0007){#fig9}

Moreover, MTS analysis confirmed that the proliferation rate on nanofiber mats was higher than on microparticle mats. The proliferation of HEK 293 cells on nanofiber mats was faster than on microparticle mats on day 1, 3, and 5 (Figure [9](#fig9){ref-type="fig"}E). After the cells were cultured for 5 days, their number increased significantly (*p* \< 0.01) on the nanofiber mats compared to microparticle mats. The proliferation rate of the MG-63 cells was also higher on the nanofiber mats than on microparticle mats ([Figure S2--F](#notes-1){ref-type="notes"}). The results of MTS assay indicated that the electrospun sericin mats in the form of nanofibers could accelerate the proliferation of HEK 293 cells.

3.7. Cell Differentiation on Microparticles and Nanofibers {#sec3.7}
----------------------------------------------------------

We followed our published protocols^[@ref34],[@ref35]^ to evaluate the osteogenic differentiation of rat mesenchymal stem cells (MSCs) on the microparticle and nanofiber scaffolds in the osteogenic differentiation media. Specifically, alkaline phosphatase (ALP) and osteocalcin (OCN), representing the early and late stage of the osteogenic differentiation of MSCs, were detected by ALP assay and real-time polymerase chain reaction (PCR) analysis, respectively. ALP assay ([Figure S3](#notes-1){ref-type="notes"}) showed that the ALP activity of MSCs on both forms of electrospun sericin materials were significantly higher than the tissue culture plate (*p* \< 0.01), suggesting that the electrospun sericin promoted the osteogenic differentiation of MSCs in comparison with the substrate without sericin materials. In addition, it demonstrated that microparticle sericin scaffolds had a higher capacity in promoting the osteogenic differentiation than the nanofiber sericin scaffolds ([Figure S3](#notes-1){ref-type="notes"}). Moreover, real-time PCR analysis ([Figure S4](#notes-1){ref-type="notes"}) showed that OCN gene expression level of MSCs on both microparticles and nanofibers scaffolds was significantly higher than that on the tissue culture plate (*p* \< 0.01), further indicating that the electrospun sericin scaffolds promoted the osteogenic differentiation of MSCs. It also demonstrated that the microparticles scaffolds are more effective in enhancing the osteogenic differentiation of MSCs, consistent with the ALP assay. Therefore, our data show that the electrospun sericin scaffolds can significantly promote the osteogenic differentiation of MSCs. Furthermore, our study was the first example showing that electrospinning could fabricate sericin into a new form, microparticles, in addition to the traditional nanofibers. Since microparticle scaffolds showed a higher capacity in promoting osteogenic differentiation of MSCs, our work, by tuning the molecular weights of the sericin, resulted in a new type of sericin materials that can find potential applications in bone tissue engineering.

We have shown that microparticles and nanofibers were obtained from LS and HS by dissolving them in HFA followed by electrospinning, respectively. We also discovered that molecular weight determined not only its secondary structure (Figure [3](#fig3){ref-type="fig"}) but also its topography in HFA (Figure [4](#fig4){ref-type="fig"}). Finally, the molecular weight of sericin affected the morphology of sericin spun mat (Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). LS only formed small particles (Figure [4](#fig4){ref-type="fig"}A, C) that could not be cross-linked with each other due to its low molecular weight. Consequently, these small particles were organized into microparticles by electrospinning as anticipated by Figure [1](#fig1){ref-type="fig"} and proved by Figure [5](#fig5){ref-type="fig"}. In contrast to LS, HS first formed large particles (Figure [4](#fig4){ref-type="fig"}B, D) through supramolecluar assembly as a result of high molecular weight, and these particles could be pushed into fibers by electric force (Figures [1](#fig1){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [7](#fig7){ref-type="fig"}). Therefore, LS and HS form different precursor structures in solution before electrospinning, which will lead to the formation of different structures after electrospinning. The microparticles and nanofibers showed similar secondary structure and thermal behaviors (Figure [8](#fig8){ref-type="fig"}). The results from cell viability and differentiation assay proved that microparticles and nanofibers prepared from sericin were biocompatible and could serve as building blocks for the fabrication of bone tissue engineering scaffolds (Figure [9](#fig9){ref-type="fig"}). Therefore, this study found out that mediating molecular weight of sericin is a simple strategy to control the morphology of electrospun sericin scaffolds in the form of either microparticles and nanofibers.

4. Conclusions {#sec4}
==============

In order to develop biomaterials based on sericin, this study attempted to process sericin into useful forms including microparticles and nanofibers that can serve as building blocks in the assembly of scaffolds for tissue engineering. This study is the first time to obtain microparticles and nanofibers from sericin by using HFA as a solvent for the preparation of spinning dope in the processing of electrospinning. It suggests that the molecular weight can determine its assembly structure in solution state and consequently influence the topography of electrospun mats. The low molecular weight weakening the cross-linking of sericin results in microparticles, whereas high molecular weight accelerating supramolecluar assembly leads to the formation of nanofibers. The successful processing of the sericin into microparticles or nanofibers, which support the cell attachment, growth, and differentiation, makes it possible to apply sericin in the fabrication of tissue engineering scaffolds. This study not only broadens sericin application in the field of tissue engineering but also provides feedback information for the processing of sericin into useful scaffold forms.

Supplementary Figure 1: DLS data showing average diameter of LS and HS solution. Supplementary Figure 2: Morphology and proliferation of MG-63 cells on electrospun mats. Supplementary Figure 3: ALP assay of MSCs cultured on the electrospun mats. Supplementary Figure 4: Real-time PCR analysis of the gene expression of osteocalcin (OCN). Supplementary Table 1: The amino acid composition analysis of LS and HS. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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